In order to study the genetic control of chitinolytic activity in Streptomyces, chitinase genes were cloned from S. liviidans TK64 into the multicopy plasmid pIJ702 and their expression monitored in their natural host by measuring increases in chitinase productivity. Four independent clones were obtained, and the plasmids named pEMJ1, pEMJ5, pEMJ7 and pEMJ8. Restriction endonuclease digestion showed that although two of the plasmids (pEMJ7 and pEMJ8) shared a common DNA fragment, there were no substantial similarities between the inserts of plasmids pEMJ1, pEMJ5 and pEMJ7. This was confirmed by DNA-DNA hybridization studies. Four chitinases (A, B, C, and D) were identified, with molecular masses of 36, 46, 65, and 41 kDa, respectively.
Introduction
Streptomyces are Gram-positive bacteria that are numerous in most soils. They derive a large part of their nutrition from insoluble organic debris by the action of a variety of extracellular hydrolytic enzymes. Chitin (poly-~-1,4-N-acetylglucosamine) is abundantly distributed in nature as a major component of the cell walls of most fungi, the skeletons of invertebrates, and the shells of crustaceans. Chitinases (EC 3.2.1 .14) are enzymes capable of hydrolysing chitin, and they are produced by various micro-organisms which include actinomycetes (Berger & Reynolds, 1958; Reynolds, 1954; Tominaga & Tsujisaka, 1976) , other bacteria (Clarke & Tracey, 1956; Monreal & Reese, 1969; Watanabe et al., 1990) , and yeast Elango et al., 1982) . Streptomyces are well known as decomposers of chitin, and chitin-containing media have been used for the selective isolation of Streptomyces (Gooday, 1990 ; Lingappa & Lockwood, 1962) .
Bacterial chitinase genes have been cloned from Serratia marcescens (Fuchs et al., 1986; Jones et al., 1986) , Serratia liquefaciens (Joshi et al., 1988) and Vibrio Abbreviations: 4-MU, 4-methylumbelliferyl.
0001-6803 0 1991 SGM vuln$cus (Wortman et al., 1986) . Streptomyces chitinases have been the subjects of several reports (Beyer & Diekmann, 1985; Hara et al., 1989; Kamei et al., 1989) . Their synthesis can be induced by the presence of chitin and repressed by glucose. The cells seem to produce several different chitinases simultaneously. A gene for chitinase has been cloned from S. plicatus in E. coli (Robbins et al., 1988) . However, our understanding of the regulatory mechanisms that control the synthesis and function of the multiple enzymes is far from complete. Isolation of multiple genes for chitinases is anticipated, and a study of the expression of chitinase genes in the homologous host is necessary so that more detailed information on the chitinase system can be obtained. In this report, we describe the cloning of genes from S. lividans that specify the production of four chitinases. K . Miyashita, T. Fujii and Y. Sawada regeneration after transformation of Streptomyces, respectively (Hopwood et al., 1985) . Streptomyces strains carrying recombinant plasmids Shuzo Co., Ltd, Kyoto, Japan). Hybridizations were performed as described by Hopwood et al. (1985) . were grown in the presence of thiostrepton (50 pg ml-I). Thiostrepton was a generous gift from Mr S. J. Lucania (E. R. Squibb & Sons, Princeton, NJ, USA). For the production of chitinases, Streptomyces cultures were grown on inorganic-salts colloidal chitin medium [as broth or solidified with 1.5% (w/v) agar] which contained (g I-l): K,HPO, (0-7), KH2P04 (0.3), MgS04 (0.5), FeSO, (0-Ol), NH4N03 (0.3) and colloidal chitin (1.5). Colloidal chitin was prepared by the method of Lingappa et al. (1962) . Proline (37 pg ml-I) was added to the medium for the growth of Streptomyces lividans TK64 (Hopwood et al., 1985) . For regulatory studies on expression of cloned genes, the modified minimal medium (NMMP) of Hopwood et al. (1989, which contains 0.5% Casamino acids was used. Luria broth and Luria agar were also employed (Maniatis et al., 1982) .
Enzyme assay. 4-Methylumbelliferyl N,N'-diacetyl chitobiose (4-MU-(GlcNAc),) and 4-MU N,N',N"-triacetyl chitotriose (&MU-(G~cNAc)~), (Sigma) were used as substrates (Roberts & Cabib, 1982) . For Streptomyces, culture supernatant was used as the source of enzyme. For E. coli, cells were disrupted by sonication (ultrasonic cell disruptor model MS-50, Heat Systems-Ultrasonics Inc., New York) for 10 x 30 s, centrifuged, and the supernatant used. Samples (25 p1) were added to a reaction mixture which consisted of 450 p1 substrate solution (60 VM-4-MU-disaccharide or 25 ~M -C M U trisaccharide) and 25 p1 0.5 M-Tris/HCl (pH 6.8). The mixture was incubated at 37 "C, and the reaction stopped after 10 min by the addition of 1 ml 1 0 0 m~-potassium phosphate/NaOH buffer (pH 11.0). The amount of 4-MU liberated was measured by spectrofluorometry (model FP550, Japan Spectroscopic Co., Tokyo, Japan), with excitation at 360 nm and emission at 450 nm. One unit of chitinase activity was defined as the amount of enzyme that liberated 1 pmol 4-MU from the substrate in one minute at 37°C. The effects of pH on chitinase activity were determined in 0.5 M modified universal buffer (Skujins et al., 1962) (pH 2.5-5.1) and 0-5 M-Tris/malate buffer (pH 5.1-9-0).
Total cell protein assay. Total cell protein assay was carried out following the method of Virolle & Bibb (1982) .
Preparation of DNA. Chromosomal DNA from S. lividans was prepared by the method of Chater et al. (1982) . Plasmid DNA was extracted by the method of Kieser (1984) . Plasmid DNA used as a cloning vector (pIJ702) was further purified by ultracentrifugation through CsC1-ethidium bromide gradients (Maniatis et al., 1982) . All recombinant DNA procedures were carried out as described by Maniatis et al. (1982) .
Construction of a genomic library. pIJ702 was digested with BglII and treated with calf intestinal alkaline phosphatase in accordance with the instructions supplied by the manufacturer (Boehringer). Chromosomal DNA from S. lividans TK64 was partially digested with Suu3AI and was then subjected to ultracentrifugation on a sucrose gradient (Maniatis et al., 1982) . DNA fragments of 5-20 kb in size were collected, mixed with pIJ702 that had been treated with BglII and dephosphorylated, and then the fragments were ligated with T4 DNA ligase. Formation of protoplasts and transformation were carried out by the method of Hopwood et al. (1985) . S . lividans TK64 was used as the cloning host for initial transformation. Transformed protoplasts were regenerated on R2YE plates overlaid with soft nutrient agar that contained thiostrepton. Colonies were replica-plated onto inorganicsalts colloidal chitin agar supplemented with thiostrepton, and tested for production of chitinase.
Hybridization study. Plasmid DNA (100 ng) from each clone was dotblotted onto nylon membrane (Hybond N, Amersham). DNA fragments used as probes are shown in Fig. 1 . Probes were prepared by labelling with 32P by nick-translation (nick-translatimi Idit!. Tdcara Electrophoresis. SDS-PAGE gels (1 2%, w/v) were purchased from Funakoshi Chemicals (Tokyo, Japan), and electrophoresis was carried out in accordance with the instructions supplied by the manufacturer. After electrophoresis, gels were stained with Coomassie Brilliant Blue R or G. To estimate the molecular masses of proteins, a marker protein kit (MW-SDS-70; Sigma) was used for calibration. Isoelectric focusing on acrylamide slab gels was performed using the PhastSystem (Pharmacia) and preformed gels (PhastGel), in accordance with the instructions supplied by the manufacturer. Protein standards (Protein Test Mixture 9) were purchased as a kit from Serva.
Purification of chitinases. Cultures were grown to the early stationary phase at 30 "C with vigorous shaking, at which time maximum activity was obtained. The culture filtrates (500 ml) were lyophilized and the residue dissolved in 10 ml distilled water. The solutions were desalted and equilibrated with 20 mM-Tris/HCl buffer (pH 8.2) in an ultrafiltration cell (model 8050, Amicon) and used as crude enzyme. Anionexchange chromatography was performed using a FPLC system from Pharmacia. An aliquot of the crude solution of enzyme (500 pl) was chromatographed on a prepacked anion-exchange column, Mono Q HR5/5 (5 mm i.d. x 50 mm), which was equilibrated with 20 mMTris/HCl buffer. The enzymes were eluted with a linear concentration gradient of NaCl(O-O.5 M) in the same buffer. Fractions of 0.5 ml were collected.
Results

Molecular cloning of chitinase genes from S . lividans
A genomic library for S. lividans TK64 was constructed and about 4000 thiostrepton-resistant (Thi') transformants were obtained on R2YE plates containing this antibiotic. Plasmid DNA was isolated from randomly selected transformants, and checked for the insertion of foreign DNA. Approximately 90% contained an insert in the BgZII site of pIJ702. Transformants were replicaplated onto inorganic-salts colloidal chitin plates supplemented with thiostrepton. After growth for 4-5 d at 30 "C, a large clear zone, representing the decomposition of colloidal chitin, appeared around colonies of some of the transformants. However, after a week, most of the transformants exhibited the ability to decompose chitin. Ten transformants showing high chitinase activity at the early days of growth were selected, transferred to inorganic-salts colloidal chitin liquid medium and assayed for production of chitinase. The supernatant of five transformants showed an increase in chitinase activity of more than 10-fold when compared with that of the parent strain S . lividans TK64. Plasmid DNAs were isolated from these clones and reintroduced into S. lividans TK64 by transformation. After retransformation, one of the plasmids exhibited instability, and about a half of the transformed colonies showed only low levels of chitinase activity. The other plasmids, named pEMJ 1 , (Fig. 2) . Underlining shows the common fragment shared by pEMJ7 and pEMJ8.
pEMJ5, pEMJ7, and pEMJ8, were used for further study.
Analysis of cloned fragments of DNA
The lengths of the inserted fragment of DNA in plasmids pEMJ1, pEMJ5, pEMJ7, and pEMJ8 were 4-5, 9, 4-2, and 6.7 kb, respectively. The restriction maps are shown in Fig. 1 . Although plasmids pEMJ7 and pEMJ8 shared an identical 3.5 kb fragment of DNA, no substantial similarities were observed between the restriction maps of plasmids pEMJ1, pEMJ5, and pEMJ7. In order to confirm the absence of significant homology, hybridization studies were performed. The entire inserted fragment from pEMJ5 was recovered by digestion with BglII. The PstI-Sac1 fragment (3.4 kb) of pEMJ 1 and the ApaI fragment of pEMJ7 (2.2 kb) were recovered from agarose gels. These three fragments were 32P-labelled by nick-translation and used as probes against each of the plasmids. The results are shown in Fig. 2 . Although the fragment from pEMJ7 hybridized with that from pEMJ8, no significant homology was apparent between the fragments from pEMJ1, pEMJ5, and pEMJ7. The lack of homology was confirmed by Southern blotting analysis of KpnI-Sac1 cut plasmid DNA with the same probes (data not shown).
Purijication of chitinases produced by clones
Cells transformed with pEMJl and pEMJ5 released 4- MU from 4-MU disaccharide more rapidly than from 4-MU trisaccharide. By contrast, transformants with pEMJ7 and pEMJ8 degraded 4-MU trisaccharide preferentially. The chitinases produced by the parent strain and by the transformants were purified and the results are shown in Fig. 3 . The elution patterns of enzymes generated by each clone differed greatly from one another, and four peaks of chitinase activity were observed. Each peak of enzyme activity correlated to a peak of protein. Peaks I and I 1 were prominent in the elution profile for the cells transformed with pEMJ1 and pEMJ5, respectively. Other peaks (I11 and IV) were most noticeable in the analysis of the supernatant of the cells transformed with pEMJ7. Material from each peak fraction was subjected to SDS-PAGE, and a single band was observed (Fig. 4) . The chitinases corresponding to peaks I , 11, 111, and IV were named A, B, C, and D, respectively. The molecular masses of chitinases A, B, C, and D, were estimated to be 36, 46, 65 and 41 kDa, respectively, although we could not exclude the possibility that some plasmids carry truncated genes. Each plasmid was thus shown to increase the production of a particular c hitinase.
Expression of cloned genes for chitinase in S. coelicolor A3(2) and E. coli
To confirm that we had indeed cloned structural genes for chitinase, the recombinant plasmids, pEMJ1, pEMJ5, pEMJ7, and pEMJ8, were introduced into S . coelicolor lMliTO .by transformation. Although plasmid MI30 thought to correspond to thiostrepton-inducible proteins found in S. liuiduns by Murakami et al. (1988) . The Sac1 fragment of pEMJ1, the entire inserted fragment of pEMJ5, and the SacI-SphI fragment of pEMJ7 (Fig. 1) were generated and cloned into pUC18 and 19. The cultures were sonicated and centrifuged, and pEMJ8 was unstable in S . coelicolor, the other plasmids were maintained stably in this strain. Table 1 showed that strains transformed with each plasmid exhibited about 10-fold increase in chitinase activity as compared to untransformed S. coelicolor M 130. Furthermore, the strains transformed with pEMJ1 and pEMJ5 degraded 4-MU disaccharide more rapidly than 4-MU trisaccharide, and the strain transformed with pEMJ7 showed the opposite specificity. These results were in accordance with those observed with transformants of S. liuiduns. Total extracellular protein from each strain was subjected to SDS-PAGE, together with purified chitinases A, B, C, and D (Fig. 5) . The protein bands that corresponded to chitinases A and B appeared in the analysis of strains transformed with pEMJ 1 and pEMJ5, respectively. The transformants with pEMJ7 generated bands identical to those of chitinases C and D. In addition to the corresponding chitinase bands, there appeared additional bands in profiles of all the transformants. From their molecular masses, at least some of them were the resulting supernatants were assayed for chitinase activity. Cell lysates of E. coli harbouring the pUC plasmids containing either the BglII fragment of pEMJ5 or the SucI-SphI fragment of pEMJ7 showed significant levels of chitinase activity, although the activity of the cells containing the pEMJ7-derived fragment was much higher than that of the others. The chitinase activities were observed irrespective of the orientation of the cloned fragment with respect to the lac promoter on the pUC vector, showing that the chitinase genes were probably expressed from their own promoters. Subcloning of the Sac1 fragment of pEMJl into pUC18, giving either orientation with respect to the lac promoter, showed no chitinase activity at all. However, when the 3.1 kb SucI-PvuII fragment of pEMJ1 was subcloned into the SmaI-Sac1 sites of pUC18 and 19, chitinase activity was observed, but only in the pUC19-derived plasmid. Hence we conclude that expression of the chitinase gene on pEMJ 1 in E. coli did not occur from its own promoter, but from that of lucZ. These results clearly demonstrated that we had indeed cloned genes from S. liuiduns that specified the production of four t Relative chitinase activity when 4-MU-N-acetylchitooligosaccharide was used as substrate.
chitinases. Differences in the expression of the cloned genes in E. coli may reflect differences in their promoter sequences.
Characterization of cloned chitinases
The properties of the chitinases were compared (Table  2) . None hydrolysed 4-MU monosaccharide. Chitinases A and B generated 4-MU from 4-MU disaccharide more rapidly than from 4-MU trisaccharide, while the other two showed the opposite specificity. Chitinases C and D had lower K , values against 4-MU trisaccharide than those of chitinases A and B. The optimal pHs varied from 3.0 for chitinase A to 6.5 for chitinases C and D. Little difference was observed in the isoelectric points of the enzymes. It is clear that chitinases C and D are very similar in terms of optimal pH, ratio of activities against 4-MU disaccharide and 4-MU trisaccharide, and K , for 4-MU trisaccharide.
Regulated expression of chitinase genes
To study the regulation of synthesis of chitinase by each strain, spores were germinated (Hopwood et al., 1985) and inoculated into minimal medium (NMMP) supplemented with the carbon sources listed in Table 3 . In this study, S . lividans TK24 was used instead of strain TK64 because the former grew more rapidly on minimal medium with chitin than the latter. Chitinase activity and total cell protein were determined every 24 h, and the highest values are shown in each case (Table 3 ). The bacteria grew in NMMP and gave significant levels of chitinase activity. Production of chitinase was markedly increased by the addition of colloidal chitin in every case. Addition of glucose suppressed the synthesis of chitinase almost completely. A suppressive effect was also observed with glycerol (data not shown). The results suggest that the cloned genes were induced in the presence of chitin and repressed in the presence of readily utilizable carbon sources. The cloned genes were also expressed when carried on pIJ486. pIJ486 has a terminator located just upstream of the cloning site which prevents the readthrough of vector promoters into the cloned fragment (Hopwood et al., 1985) . This result and the regulated expression of the cloned genes indicate that the cloned fragments of DNA probably contained the natural promoter signal of the chitinase genes.
Discussion
In an attempt to clone chitinase genes from S. lividans 66, three recombinant plasmids were obtained which, between them, produced four chitinases, A, B, C, and D. Recombinant plasmids pEMJl and pEMJ5 specify the synthesis of chitinases A and B, respectively, while the other two chitinases C and D are encoded on plasmid pEMJ7. The production of two chitinases by one plasmid can be explained either by the presence of two chitinase genes on the plasmid, or by conversion of one chitinase to the other chitinase. The generation of a derivative chitinase by proteolytic degradation has been observed in the chitinase system of Bacillus circulans (Watanabe et al., 1990) . The similarities in some of the properties of chitinases C and D support the possibility that chitinase D is generated from chitinase C. Determination of the N-terminal sequence of both chitinase proteins and of the nucleotide sequences of the cloned DNA fragments will resolve this issue.
Initially, we tried to isolate chitinase-negative mutants of S. lividans 66 by treating spores with N-methy1-N'-nitro-N-nitrosoguanidine (NTG). After repeated treatment, some strains showed very low chitinase production. However, chitinase-negative mutants could not be obtained. This failure was probably due to the presence of multiple genes for chitinase in S. lividans. We therefore used S. lividans TK64 as a host, and selected chitinase-positive clones by measuring the increase in chitinase production on colloidal chitin plates supplemented with thiostrepton. Since the chitinase activity of the clones obtained was more than 10-fold higher than that of the parent strain S. lividans TK64, clones could easily be distinguished both on plates and in liquid culture. The low chitinase production of S. lividans TK64, lower than that of strain TK24, was helpful.
The possibility that the cloned sequences were regulatory rather than structural genes, was ruled out for the following reasons. Firstly, each clone synthesized one particular chitinase almost exclusively. Secondly, when S. coelicolor was transformed with a given plasmid, it secreted the same chitinase as that produced in S. lividam. Thirdly, when the inserted fragment of DNA from each hybrid plasmid was subcloned into pUC 18 or 19 and introduced into E. coli, the transformed cells showed chitinase activities which were either dependent or independent of the pUC lac promoter.
All the cloned chitinase genes were induced in the presence of chitin and repressed in the presence of glucose. However, it is unlikely that the regulatory genes involved in the induction and repression of chitinase genes were cloned together with structural genes, because substantial homology was not observed between the cloned fragments of DNA. Furthermore, the expression of each gene was independent of the presence of the others. Genes encoding production of extracellular enzymes, such as agarase, amylase, and xylanase, have been cloned in S. lividans (Kendall & Cullum, 1984; Mondou et af., 1986; Virolle & Bibb, 1988) . Expression of these genes is also induced by substrate, and repressed by glucose. It is suggested, therefore, that genomic genes regulate the expression of the cloned genes for chitinase. Although repression by glucose in S. coelicolor has been shown to be dependent upon a functional gene for glucose kinase, the exact mechanism of regulation of synthesis of extracellular enzymes remains to be elucidated (Virolle & Bibb, 1988) . Chitinase genes of S. lividans were also shown not to constitute a single operon.
The elution profile from the anion-exchange chromatogram for the parent strain did not show peak 11, which represents chitinase B (Figure 3 a) , whereas the transformant with plasmid pEMJ5 synthesized high levels of this chitinase. It is likely that the gene for chitinase B in the genome is transcribed at very low levels or not at all. However, it is also possible that the chitinase B production is dependent on growth stage, and that our use of a stationary culture for the purification of chitinase rendered the detection of chitinase B in the parent strain difficult. Production of some bacterial chitinases has been reported to be growth-stage-dependent (Watanabe et al., 1990) .
Although multiple forms of bacterial chitinases have been reported by some authors (Jones et al., 1986; Robbins et af., 1988; Watanabe et al., 1990) , the function of the multiple enzymes is still unclear. Their presence may be explained in part by the observed differences in the properties of chitinases A, B, and C. The differences in mode of action against 4-MU substrates suggest that the enzymes may act synergistically on native chitin. When the factors that control the expression of the individual genes are understood, we may be better able to assess the function of each individual chitinase. 
